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Abstract

We observed resonant coherent excitation of the 2s electron to the n = 3 states of 83.5 MeV/u Li-like Fe?** ions pla-
nar-channeling in the (220) plane of a Si crystal. A survival fraction of the Li-like ions was measured as a function of
the angle between the incident beam and the [00 1] axis. Clear resonance dips corresponding to the transitions of a 2s
electron to all the n = 3 states were observed. The transition of each resonance dip was identified by comparing with
spectroscopic data. The resonance dips at the transition energies corresponding to the optically forbidden 2s;,,-3s1/2,
2s1,-3d3/> and 2s;,,-3ds,, transitions were observed as well as the resonance dips at transition energies corresponding
to the optically allowed 2s1,,-3p;/» and 2s;,,-3ps3,, transitions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction close collisions with atoms of the crystal. Such
ion is called a “channeling ion”. A channeling

When fast ions are injected into a crystal in ion feels a superposition of oscillating electric
parallel to the crystal axis or crystal plane, some fields generated by a periodic lattice structure in
of the ions can pass through the crystal without the crystal. When the energy difference between

two electronic states of the channeling ion

matches with one of frequencies of the oscillating
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coherent excitation (RCE)”. The RCE was pre-
dicted by Okorokov [1]. After several experimen-
tal trials, the first clear observation of RCE was
performed by Datz et al. They observed the
RCE by the decrease in transmission of fixed-
charge-state channeling ions as a function of the
ion energy [2]. Since then, the RCE phenomena
have been intensively studied experimentally [3—
18] and theoretically [19-21]. In particular, re-
cently, Azuma and co-worker have performed a
series of RCE experiments using planar-channel-
ing of heavy ions with relativistic velocities. In
their experiments, the RCE was observed by rotat-
ing the target crystal instead of varying the projec-
tile energy [9-14]. They found sharper structure of
the resonance than previous experiments. We re-
ported sharper resonance structure for the RCE
of a 1s electron bound in a 94 MeV/u hydrogen-
like Ar ion to n = 2 states under the planar-chan-
neling condition in the (220) plane of a Si crystal
[15].

Most of the experimental studies of RCE have
been done using hydrogen atoms and hydrogen-
like ions. The hydrogen-like ions are thought to
be good as test ions for investigation of the RCE
dynamics because of their simple atomic structure.
However, since the excited states with the same
principal quantum number almost degenerate,
these states can be easily mixed due to strong
Stark effect by the position-dependent static crys-
tal field. The resonance structure is considerably
different from that of the states in a vacuum. On
the other hand, in the case of the ions with two
or more electrons, the Stark effect should be weaker
than the hydrogen-like ions. The channeling ions
should hold electronic structures in a vacuum,
compared with the hydrogen-like ions. Neverthe-
less, the experiments using the ions with two or
more electrons have been little performed [3,4].
In particular, no RCE experiments for the ions
with three or more electrons have been reported
to the best of our knowledge. We performed the
experiment for the RCE of a 2s electron of Li-like
heavy ions. In this paper, we will report the exper-
iment for the RCE of a 2s electron of 83.5 MeV/u
Li-like Fe**" ion to n = 3 states under the condi-
tion of planar-channeling in the (220) plane of
the Si crystal.

2. Experiment

Since our experimental setup has been already
reported elsewhere [15], it is described briefly here.
A beam of 83.5 MeV/u Fe?** ions was provided at
RIKEN Ring Cyclotron (RRC). The transport
elements of the beamline from the RRC to the
target chamber were carefully tuned so that the
angular divergences of the Fe beam became as
small as possible. The angular divergence is exper-
imentally estimated to be several tens prad. The
beam was collimated with a 3 mm thick tungsten
plate with a 0.5 mm hole about 45 cm upstream
of the Si target. The beam optics calculation also
shows that the longitudinal momentum spread of
the incident beam should be ~100 ppm in full
width. The beam intensity was about 10° parti-
cles/s.

A Si(001) crystal of 7 um in thickness was used
as a target and mounted on the high-precision
goniometer [22]. The ions emerging from the crys-
tal were deflected by a small dipole magnet placed
at the downstream of the Si target in order to ana-
lyze the final charge states. A two-dimensional po-
sition sensitive detector (2D-PSD) was located at
about 8 m downstream of the dipole magnet. Sur-
vived Fe*** ions and charge-changed Fe***, Fe>>*
and Fe®* jons were detected there. The position
information from the 2D-PSD was collected as a
function of the orientation of the Si crystal.

An electron in the n = 3 or higher states is much
more easily ionized in the crystal than that in the
2s state. Therefore, the survival fraction of Li-like
ions, which is given by

f(Li-like) = N(Li-like)/[N (Li-like) + N (He-like)
+ N(H-like) + N (bare)],

decreases when the 2s electron of Li-like ion is res-
onantly excited, where N is the number of Li-like,
He-like, H-like and bare ions emerging from the
crystal. Rotating the Si crystal in the (220) plane,
the RCE is observed as a decrease in the survival
fraction f{Li-like).

The excitation energy Ei.ans due to the oscillat-
ing crystal field is obtained by multiplying the
Planck constant and the frequency of the oscillat-
ing field in the projectile frame as
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kcosf Isinf
Etrans:hcyﬁ< 4 + B )1 (1)

where 0 is an angle between the beam direction
and the [001] axis of the Si crystal in the plane, v
is the ion velocity, c¢ is the light velocity, = v/c,

y=1/4/1 — f? and h is the Planck constant.

(A4,B) is (a,a/V/2) with the lattice constant a. k
and / are integers which show resonance indices.

3. Result and discussion

In Figs. 1(a) and (b), the survival fractions of
Li-like ions are shown from 6 =6.7° to 6 =8.3°
and from 6 = 3.1° to 0 = 4.0°, respectively. Differ-
ent symbols correspond to different runs of the
experiment. We suppose that a small step structure
between open circle and solid circle near 7.0° does
not come from a physical reason but that it is
caused by a slight change of the beam condition.
In Fig. 1, we can see ten clear resonance dips.
These dips are labeled from “A” to “J”. The struc-
ture of dips from A to E in Fig. 1(a) and that of
dips from F to J in Fig. 1(b) seem to be quite sim-
ilar to each other. It indicates that the dips from A
to E and the dips from F to J correspond to the
same transition series with different indices (k,/)
as mentioned below.

In this experiment, it is necessary to determine
the beam energy precisely. Since there is no

means of direct measurement of the beam energy
with required precision, we used Eq. (1) to deter-
mine the beam energy by assuming that the en-
ergy of one of the observed resonance dips
matches with the transition energy in optical tran-
sition data. We used 2s;,»,—3p;,» transition in or-
der to determine the beam energy. We assumed
that dips B and G correspond to 2sy,-3py/; tran-
sitions with (k,/) =(1,1) and (1,2), respectively.
The beam energy was determined so that the
Eans's at the bottoms of both dips B and G were
fitted to the spectroscopic datum of the 2s;,-3pi/»
transition energy, which is 1162.75 eV calculated
from the wavelength data by Boiko et al. [23],
using a least-square fitting procedure. Our esti-
mated beam energy is 83.5 MeV/u as described
in Section 2. The uncertainty of our estimated
beam energy is =&~%0.04%. This uncertainty is
much smaller than that in the beam-energy esti-
mation with the accelerator parameters. In this
experiment, the difference between our estimated
value of the beam energy and the value calcu-
lated from the accelerator parameters is ~0.6%.
Indeed, this difference is the same order of
the ambiguity of beam energy calculated from
the accelerator parameters, which is typically
~*0.5%.

In Figs. 2(a) and (b), the survival fractions of
Li-like ions are shown as functions of Ei..,s in
Eq. (1) for (k,))=(1,1) and (1,2), respectively, in
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Fig. 1. (a) The survival fraction of Li-like ions is shown from 0 = 6.7° to 0 = 8.3°. Open circle and solid circle correspond to the results
for different runs of the experiment, respectively. (b) The survival fraction of Li-like ions is shown from 6 = 3.1° to 0 = 4.0°.
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Fig. 2. (a) The survival fractions of Li-like ions are shown as a function of excitation energy E..,s estimated using Eq. (1) for
(k,]) = (1,1) in the energy region from 1142 eV to 1180 eV. Vertical dashed straight lines show the transition energies from 2s;,, state to
n = 3 states calculated from spectroscopic data. (b) The survival fractions of Li-like ions are shown as a function of excitation energy
E\1ans estimated using Eq. (1) for (k,/) = (1,2) in the energy region from 1142 eV to 1180 eV. Vertical dashed straight lines show the

same energies as (a).

the energy region from 1142 ¢V to 1180 eV. Ver-
tical dashed straight lines show the transition
energies from 2s;,, state to n = 3 states. The transi-
tion energies between the 2s;, state and n=3
states are derived from wavelength data of opti-
cally allowed transition from n =2 states to n =3
states by Boiko et al. [23] and wavelength data of
the 2s-2p transitions by Sandlin et al. [24]. As
shown in Fig. 2, there is a resonance dip for
(k,) = (1,2) corresponding to each resonance dip
for (k,/) = (1,1). It clearly shows that the dips from
A to E and the dips from F to J correspond to the
same transition series with different indices (k, /).
Moreover, it is found that RCE energy of each res-
onance dip corresponds to the transition energy
from the 2s;,, state to each n =3 state as shown
in Fig. 2. It confirms that the resonance dips from
A to J correspond to the transition from the 2s;,,
state to n = 3 states.

We also observed shallow resonance dips that
seem to correspond to the transitions with
(k,l)=(1,1) from the 2p;» and 2p;3, states to
n=23 states in the region from 6=4.0° to
0 = 6.2° although we do not show these shallow
dips in the figures. In particular, a clear resonance
dip can be seen at the 2p3,—3ds, transition energy.

It implies that a small part of Fe*** ions are ex-

cited to the 2p;,» and 2ps,, states by the collisions
in the crystal.

The assignment of each resonance dip from dip-
A to dip-J to a transition and a resonance index
(k,[) is shown in Table 1. We note the followings
about the assignment and the observed resonance
structures:

(1) Considering possible RCEs that occur at
dip-A, not only the 2si,-3sy, transition
with (k,/) = (1, 1) but also the transition from
the 2ps3, state to the n=4 states with
(k,) = (1,3) may be included because 2s elec-
trons of a small part of Fe*** ions are excited
to the 2py/; and 2ps,, states by the collisions in
the crystal. However, we think that the contri-
bution of the transition from 2ps, state to
n =4 states with (k,/)=(1,3) is negligibly
small because we cannot clearly see the reso-
nance dips corresponding to the transitions
from the 2p;,, state to the n =4 states with
(k,l) = (1,3) between dips A and B.

Dips A and F (2sy»-3s;» transition) are
skew and have long tails towards low-energy
side, which is different feature from other

()
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Table 1

The transition energy at the bottom of each RCE dip calculated by Eq. (1) for the RCE with (k,/) =(1,1) and (1,2) and the
corresponding transition energy derived from the wavelength data of optical transition in [23,24]

Transition Transition energy at RCE dip (eV) Transition energy from spectroscopic data (eV)
(k,h=(1,1 (k) =(1,2)

28123812 Dip-A 1149.20 £ 0.3 Dip-F 1148.42 £ 0.4* 1149.61 + 0.3°

2812-3p112 Dip-B 1162.65 £ 0.3° Dip-G 1162.89 £ 0.4° 1162.75£0.3

281/2-3p3n2 Dip-C 1167.14£0.3 Dip-H 1167.41 £ 0.4 1167.57£0.3

281-3d32 Dip-D 1172.81 £0.3 Dip-1 1173.08 £ 0.4 1172.67 £ 0.39

281-3dsn Dip-E 1174.33£0.3 Dip-J 1174.53 £ 0.4 1174.44 + 0.3°

% The bottom of dip-F is flat. This transition energy was determined at the center of the flat dip bottom.

® This value was calculated by the sum between the energy of the 2s,,-2p;/; transition (0E = 0.006 eV) and the energy of the 2p;/,,—
38y, transition (0E = 0.3 eV), where 0E shows an uncertainty of transition energy.

¢ The beam energy was determined so that the RCE energies at the bottoms of both dips B and G were fitted to 1162.75 eV. See text

for the detail.

4 This value was calculated by the sum between the energy of the 2s;,,—2py,, transition and the energy of the 2p;,»,—3ds/, transition

(OE~0.3eV).

¢ This value was calculated by the sum between the energy of the 2s;,,-2ps» transition (JE =~ 0.01 eV) and the energy of the 2ps,—

3ds, transition (0F =~ 0.3 eV).

resonance dips. Considering that this skew
structure is common feature in this transition,
the long tail towards low-energy side is not
thought to result from an accidental mixture
of other transition with other index (k,/).

(3) On the high-energy side of dip-C, there is a
small structure. This seems to be the transi-
tion with (k,/) = (1,3) from the 2s,, state to
n =4 states.

(4) The dips I and J correspond to the same tran-
sitions as the dips D and E, but the dip profile
is a little different: The separation between I
and J is not clear as that between D and E.
We suppose that its reason is that the widths
of dips I and J are slightly wider than dips
D and E because the tails of dips I and J are
more gentle than those of dips D and E as
shown in Fig. 2.

Table 1 also shows the transition energy at
the bottom of each RCE dip calculated by Eq.
(1) for the RCE with (k,/)=(1,1) and (1,2)
and the corresponding transition energy derived
from the wavelength data of optical transitions
in [23,24]. The uncertainties of the RCE transi-
tion energies mainly result from the uncertainty
of the spectroscopic datum for 2sy,,—3p;/, transi-
tion. The uncertainties of the transition energies

derived from wavelength data of optical transi-
tions [23,24] mainly come from the uncertainties
of the wavelength measurement for transitions
between the n =2 states and the n =3 states
[23]. The RCE transition energy at the bottom
of each RCE dip agrees with the corresponding
transition energy from spectroscopic data within
the uncertainty except dip-F. The difference be-
tween the RCE transition energy of dip-F and
spectroscopic data slightly exceeds the uncer-
tainty. However, the bottom of dip-F is flat
and unclear.

As shown in Fig. 2, the resonance dips at the
transition energies corresponding to optically for-
bidden 2s;,-3sy, transition (dip-A and dip-F)
and 2sy,-3d3, and 2sy,-3ds, transitions (dip-
D, dip-E, dip-I and dip-J) can be detected as well
as those at the transition energies corresponding
to the optically allowed 2s;»2pi» and 2si,»—
2p3» transitions (dip-B, dip-C, dip-G and dip-
H). The RCE of the 2s electron to all the n =3
states can be clearly observed at almost same
transition energy as the spectroscopic data
although there may be complexity due to pro-
cesses in a solid. This fact indicates the possibility
that the RCE process is used as a new method of
direct spectroscopy of the optically forbidden
transition.
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